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Combinatorial Expression of TRPV Channel
Proteins Defines Their Sensory Functions
and Subcellular Localization in C. elegans Neurons
new patterns of subcellular trafficking (Shi et al., 2001;
Ma et al., 2002). The diversity of multigene channel fami-
lies suggests the possibility that they encode different
plasma membrane locations as well.
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The TRP superfamily can be divided into three sub-
families based on sequence conservation: TRPC, TRPV,C. elegans OSM-9 is a TRPV channel protein involved
and TRPM (Harteneck et al., 2000; Clapham et al., 2001).in sensory transduction and adaptation. Here, we
The TRPV subfamily includes OSM-9, TRPV1 (VR1), andshow that distinct sensory functions arise from differ-
TRPV4 (VR-OAC/OTRPC), which are all implicated inent combinations of OSM-9 and related OCR TRPV
sensory transduction. All TRPV channels share a com-proteins. Both OSM-9 and OCR-2 are essential for
mon domain structure, with two or three cytoplasmicseveral forms of sensory transduction, including olfac-
N-terminal ankyrin repeats, six predicted membrane-tion, osmosensation, mechanosensation, and chemo-
spanning domains, and a long unconserved cytoplasmicsensation. In neurons that express both OSM-9 and
tail. osm-9 is a Caenorhabditis elegans gene that is ex-OCR-2, tagged OCR-2 and OSM-9 proteins reside in
pressed in sensory neurons and is required for somesensory cilia and promote each other’s localization to
olfactory responses, mechanosensory responses, andcilia. In neurons that express only OSM-9, tagged
osmosensory responses (Colbert et al., 1997). osm-9OSM-9 protein resides in the cell body and acts in
is specifically implicated in sensing noxious stimuli, asensory adaptation rather than sensory transduction.
property it shares with mammalian TRPV channels.Thus, alternative combinations of TRPV proteins may
TRPV1 is a mammalian cation channel that is activateddirect different functions in distinct subcellular loca-
by capsaicin, the active ingredient of chili peppers, as
tions. Animals expressing the mammalian TRPV1 (VR1)
well as natural stimuli including noxious heat, acidic pH,
channel in ASH nociceptor neurons avoid the TRPV1
and anandamide (Caterina et al., 1997; Tominaga et al.,
ligand capsaicin, allowing selective, drug-inducible 1998; Zygmunt et al., 1999). TRPV1 is expressed in
activation of a specific behavior. small-diameter sensory neurons that respond to noxious
chemical, mechanical, and thermal stimuli, and mice
Introduction mutant for TRPV1 have defects in some responses to
noxious heat (Caterina et al., 2000). Another family mem-
Ion channels have distinct roles in specific regions of ber, TRPV2 (VRL-1), is closely related to TRPV1 but is
the neuron: sensory transduction occurs in sensory cilia, insensitive to capsaicin and requires higher tempera-
the action potential is initiated at the axon hillock, neuro- tures for activation (Caterina et al., 1999). TRPV2 is ex-
transmitter release is regulated in the presynaptic nerve pressed in medium- and large-diameter sensory neu-
terminal, and neurotransmitters are detected at synaptic rons distinct from the smaller diameter neurons that
spines. There is considerable interest in finding the rules express TRPV1, and its function is unclear. TRPV4 forms
that govern channel delivery to different regions of the an osmosensitive channel that opens in response to
neuronal plasma membrane. Most channels belong to hypo-osmotic stimuli (Liedtke et al., 2000; Strotmann et
multigene families, with individual family members that al., 2000). TRPV4 is expressed in a number of osmosen-
have different properties or expression patterns. When sitive and mechanosensitive neurons, including neurons
several family members are coexpressed in a neuron, of the circumventricular organs and inner-ear hair cells,
they can interact to generate new channel functions and and in nonneuronal osmosensitive cells. All TRPV chan-
nels are also expressed in some nonneuronal cells. One
vertebrate family member, TRPV5 (ECaC), is expressed4 Correspondence: cori@itsa.ucsf.edu
exclusively in epithelial cells, where it acts as a calcium5 Present address: Fralin Biotechnology Center, Virginia Polytechnic
Institute, Blacksburg, Virginia 24061. channel (Hoenderop et al., 1999). It is noteworthy that
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several TRPV channels detect physical stimuli, like tem- presence of these genes, which have not been charac-
terized in detail (Caterina et al., 1997; Bargmann, 1998;perature, osmotic strength, and touch. For TRPV1,
TRPV2, and TRPV4, these features are reconstituted in Harteneck et al., 2000). Sequence alignments and evolu-
tionary trees of sequence similarity in this gene familyheterologous cell types, which suggests that the chan-
nels respond directly to physical stimuli. are displayed in Figures 1A and 1B. Each of the ocr
genes is 20%–25% identical to osm-9 and, like osm-9,Like TRPV1, which is expressed in polymodal noci-
ceptive neurons in mammals, osm-9 is required in the contains three ankyrin repeats and six membrane-span-
ning domains. The two most closely related subunits,nociceptive ASH neurons of C. elegans that sense nox-
ious chemicals, osmolarity, and touch (Kaplan and Hor- ocr-1 and ocr-2, are over 50% identical to each other.
The other ocr genes are more distantly related (30%–vitz, 1993; Colbert et al., 1997). However, osm-9 also
acts in nonnociceptive cell types, where its functions 40%), but still show considerably more similarity to each
other than to osm-9.may be different. The major chemosensory organs of
C. elegans, the amphids, contain 12 pairs of sensory All of the C. elegans TRPV genes appear to be more
closely related to each other than to the mammalianneurons. Ten of the 12 amphid neuron pairs express
osm-9. The AWA olfactory neurons detect numerous genes in this subfamily, and conversely, the mammalian
genes appear to be more closely related to each otherattractive volatile odorants using G protein-coupled re-
ceptors (Bargmann et al., 1993; Sengupta et al., 1996). than to C. elegans genes (Figure 1B). Homology
searches with the Drosophila genome identified twoThe response to all AWA odorants requires osm-9, which
is proposed to form a G protein-regulated transduction open reading frames that fell within the TRPV gene fam-
ily. Drosophila CG4536 is most closely related to C.channel in AWA. OSM-9 localizes to the sensory cilia in
AWA, suggesting a direct role in sensory transduction elegans osm-9, and Drosophila CG5842 is more closely
related to the C. elegans ocr genes than to either CG4536(Colbert et al., 1997). Several other neurons express
osm-9 and might use it during primary transduction: or osm-9. Similarities are strongest in the ankyrin re-
peats and in transmembrane domains, with less conser-the pheromone-sensing ADF neurons, the odor-sensing
ADL neurons, and the touch-sensing OLQ neurons. An vation of the extended C-terminal sequence. These re-
sults suggest that the common ancestor of nematodesadditional group of sensory neurons, including the AWC
olfactory neurons, express both osm-9 and another sen- and flies had at least one osm-9-like gene and at least
one ocr-like gene.sory transduction channel, the cGMP-gated channel en-
coded by tax-2 and tax-4 (Coburn and Bargmann, 1996;
Komatsu et al., 1996, 1999). AWC olfaction does not ocr Genes Are Expressed in Subsets
require osm-9, but does require tax-2 and tax-4, as well of OSM-9-Expressing Neurons
as other components of a G protein-coupled cGMP- We constructed fusions of the green fluorescent protein
signaling pathway (L’Etoile and Bargmann, 2000; Birnby (GFP) to the four predicted OCR family members in C.
et al., 2000). In AWC, osm-9 has a role in olfactory adap- elegans to assess their expression patterns. The re-
tation, the downregulation of olfactory responses after porter genes included at least 4 kb of upstream se-
prolonged odorant exposure (Colbert and Bargmann, quence and the first 68–100 amino acids of each pre-
1995). dicted protein fused in-frame to GFP. Each fusion gene
osm-9 can carry out different functions in different cell was expressed only in a subset of OSM-9-expressing
types: polymodal sensory functions in ASH, olfactory neurons. ocr-1::GFP was limited to two pairs of amphid
functions in AWA, and adaptation functions in AWC. sensory neurons, AWA and ADL (Figure 1D). AWA
One explanation for these various activities might be senses attractive volatile odorants including diacetyl
that other proteins modify osm-9 function in specific and pyrazine (Bargmann et al., 1993). ADL senses repul-
cell types. Here we identify and characterize a family of sive volatile odorants such as 1-octanol (Troemel et al.,
osm-9/capsaicin receptor related (ocr) TRPV genes in 1997). ocr-2::GFP was expressed in four pairs of amphid
C. elegans. There are four ocr genes, each of which sensory neurons, AWA, ADL, ASH, and ADF, and the
is coexpressed with osm-9. Our results suggest that two pairs of phasmid neurons, PHA and PHB (Figure
expression of different combinations of TRPV proteins 1E, and data not shown). ASH senses noxious nose
allow cell type-specific regulation of channel function touch, certain repulsive volatile odorants, and repulsive
and localization. high osmotic strength; ADF senses water-soluble at-
tractants and probably dauer pheromone; and the pos-
terior PHA and PHB neurons sense repellents (HilliardResults
et al., 2002). ocr-3::gfp was expressed in the rectal gland
cells and occasionally weakly in the glial socket cells ofThe Complete Family of osm-9/Capsaicin
Receptor-Related Genes in C. elegans the head (Figure 1F). The functions of the rectal gland
cells are unknown. ocr-4::gfp was expressed in the fourand Drosophila
Using osm-9 as a starting point, we identified four addi- mechanosensory OLQ neurons (Figure 1G). All of the
ocr-expressing neurons, as well as the rectal gland cells,tional TRPV genes in C. elegans, which we call osm-9/
capsaicin receptor related (ocr) genes. Full predicted also express osm-9. A number of neurons that express
osm-9 fail to express any ocr gene, including AWC, ASE,protein sequences for these genes were determined
either by RT-PCR-based isolation of cDNAs (ocr-1 and ASG, ASI, ASJ, ASK, FLP, and PVD, and the IL2 neurons
(Figure 1C). Interestingly, most of these neurons expressocr-2) or additional refinement of Genefinder predictions
based on conserved sequences and intron/exon bound- tax-2 and tax-4 (the cGMP-gated channel); none of the
ocr-expressing neurons expresses tax-2 and tax-4.aries (ocr-3 and ocr-4). Several groups have noted the
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Figure 1. Sequence Analysis and Expression Pattern of the ocr Gene Family
(A) Alignment of the four predicted C. elegans OCR proteins. Amino acid sequences are based on sequencing of RT-PCR-generated cDNAs
(ocr-1 and ocr-2) or on refinement of Genefinder predictions (ocr-3 and ocr-4). Identical residues are shaded black; similar residues are shaded
gray. Solid lines denote predicted transmembrane domains, and dashed lines denote ankyrin repeats. OSM-9 is 937 amino acids long; its
extreme C terminus is not shown.
(B) Dendrogram of the TRPV subfamily of TRP-related ion channels. Sequences were aligned using the ClustalW alignment program (Thompson
et al., 1994), and the dendrogram was constructed using Phylip software. Mammalian TRPV5 and TRPV6 (ECaC) fall on the same branch as
the other mammalian TRPV channels.
(C–G) Expression patterns of the ocr genes. Translational GFP fusions were constructed for each of the four ocr genes; each fusion includes
the first 68–100 amino acids of the OCR protein. (D) OCR-1::GFP is expressed in the amphid sensory neurons AWA and ADL, indicated by
arrows. The animal shown is mosaic, so only the right ADL neuron (ADLR) and left AWA neuron (AWAL) are visible. (E) OCR-2::GFP is expressed
in AWA, ADL, ASH, indicated by arrows, as well as ADF and the phasmid neurons PHA and PHB (data not shown). With this transgene, AWA
expression is weak compared to ASH and ADL. (F) OCR-3::GFP is expressed in the rectal gland cells, indicated by arrows. (G) OCR-4::GFP
is expressed in the OLQ neurons; the OLQ cell bodies are indicated by arrows. The intersection of these expression patterns with that of
osm-9 is represented in the Venn diagram in (C). Scale bar, 30 m.
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Figure 2. ocr-1 Mutants Have Normal AWA
Chemotaxis and Adaptation
(A) Gene structure of ocr-1 and ocr-2. Exons
are displayed as boxes, introns as lines. Sig-
nature domains of the TRP superfamily are
shaded. The extent of each deletion is indi-
cated by arrowheads. None of the three dele-
tions results in a frameshift.
(B and C) Chemotaxis of ocr-1(ok132)
(dashed line) and wild-type (solid line) animals
to different concentrations of the AWA-
sensed odorants diacetyl (B) and 2-methyl-
pyrazine (C). Animals were raised at 20C and
tested as adults to a point source of 1 l of
odorant diluted in ethanol. Chemotaxis index
(C.I.) (number of animals at odorant num-
ber of animals at control)/total number of ani-
mals on the plate. Each data point represents
the average of at least five independent che-
motaxis assays on three separate days. Error
bars denote the standard error of the mean
(SEM).
(D and E) Adaptation of wild-type and ocr-
1(ok132) animals to diacetyl (D) and 2-methyl-
pyrazine (E). Animals were incubated with
(Ad) or without each odorant and then tested
for their responses to 1/1000 dilutions of di-
acetyl and 2-methylpyrazine. Adaptation is
odor-specific, so diacetyl adaptation does
not diminish the pyrazine response and vice
versa.
The expression patterns of the ocr genes suggest that frame deletion that removes DNA encoding five of six
their functions are related to the functions of osm-9. membrane-spanning domains. This mutation should be
These results are unlike those observed in the mamma- a null mutation for channel function (Figure 2A).
lian subfamily; mammalian TRPV channels are ex- Since ocr-1 is strongly expressed in AWA, we exam-
pressed in largely nonoverlapping cell types and have ined chemotaxis to the AWA-sensed odors diacetyl and
been expected to have independent functions. pyrazine in ocr-1 mutants. ocr-1 animals appeared nor-
mal for all AWA-mediated behaviors. To address
whether ocr-1 had a subtle effect on AWA chemotaxis,ocr-2 Mutants Are Defective in a Range of AWA-
we performed a dose-response analysis of chemotaxisand ASH-Mediated Behaviors, but ocr-1
to serial dilutions of the odorants diacetyl and pyrazine.Mutants Do Not Have Obvious Sensory Defects
No significant difference between wild-type and ocr-1To analyze the functions of the ocr genes, we generated
animals was observed at any concentration (Figures 2Bmutations in ocr-1 and ocr-2, the two family members
and 2C).that were expressed in cells with well-defined functions.
Another possible role for ocr-1 could be as a negativeTwo deletion alleles of ocr-1 were generated following
regulator of osm-9 in olfactory adaptation. However,either chemical mutagenesis or a Tc1 transposon inser-
no adaptation defect was observed in ocr-1 mutantstion-imprecise excision strategy. The ocr-1(ok132) mu-
(Figures 2D and 2E). We conclude that known AWA be-tation creates an in-frame 2.3 kb deletion that is pre-
haviors are not strongly affected by mutation of the ocr-1dicted to remove all three ankyrin repeats and five of
gene.the six transmembrane domains from OCR-1. The ocr-
The ocr-2 gene is also expressed in AWA neurons, so1(ak46) mutation is an in-frame 2 kb deletion that re-
its function was analyzed by testing chemotaxis of ocr-2moves DNA encoding the three ankyrin repeats and the
mutants to diacetyl and pyrazine. ocr-2 mutants exhib-first transmembrane domain (Figure 2A). Based on the
ited a profound defect in chemotaxis to the AWA-senseddeletion of conserved sequences that should be re-
odorants (Figure 3A). This defect was apparent acrossquired for channel function, both mutations are likely to
a range of odorant concentrations (Figures 3B and 3C).represent molecular null alleles. The ocr-2(ak47) muta-
Thus, AWA function requires osm-9 and ocr-2, but nottion was isolated by a Tc1 transposon insertion followed
by an imprecise excision. ocr-2(ak47) causes an in- ocr-1. Despite the similarity between ocr-1 and ocr-2
TRPV Channels in Sensory Transduction and Adaptation
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Figure 3. ocr-2 Mutants Have Chemosen-
sory, Mechanosensory, and Osmosensory
Defects
(A) Chemotaxis of wild-type, osm-9, and ocr
animals. Odorant dilutions are 1/1000 for di-
acetyl and 2-methylpyrazine and 1/200 for
benzaldehyde. ocr-2 rescue was assessed
with transgenic lines that carried a plasmid
containing the entire ocr-2 coding region.
(B and C) Chemotaxis responses of wild-type
and ocr-2(ak47) animals were compared over
a series of 10-fold odorant dilutions for diace-
tyl (B) and 2-methylpyrazine (C). Each data
point represents the average of at least five
independent assays.
(D) Time to reversal of wild-type, osm-9(ky10),
ocr-2(ak47), and rescued ocr-2(ak47) animals
in response to a 1/10 dilution of the volatile
repellent 2-octanone. Each animal was as-
sayed only once, and the assay was stopped
after 20 s if there was no reversal.
(E and F) Backing response of wild-type,
osm-9(ky10), and ocr-2(ak47) animals follow-
ing light touch to the nose (E) or encounter
with a drop of 4 M or 2 M fructose (F). Each
data point represents the response of at least
50 animals. Error bars denote the standard
error of the proportion. Asterisks denote sig-
nificant (p  0.01) differences from wild-type.
sequences, ocr-1 is unable to substitute for ocr-2 func- at normal levels, whereas ocr-2 mutants expressed re-
duced levels of odr-10::gfp (Figure 4E). ocr-2;ocr-1 dou-tion in AWA.
ocr-2 is expressed in the nociceptive ASH neurons, ble mutants showed no expression of odr-10::gfp, a
phenotype similar to that of osm-9 mutants (Figures 4Bwhich direct avoidance of noxious odors, nose touch,
and high osmotic strength. All nociceptive functions of and 4C). ocr-2/;ocr-1/ compound heterozygotes had
normal levels of odr-10::gfp expression (Figure 4D).the ASH neurons were severely compromised by the
ocr-2 mutation. Avoidance of the volatile repellent 2-octa- These results demonstrate that ocr-1 and ocr-2 have
overlapping functions in the regulation of gene expres-none was almost completely abolished (Figure 3D), and
nose-touch responses were likewise defective (Figure sion and reveal a function of ocr-1 in the AWA neurons
that can only be observed in the context of an ocr-23E). ocr-2 animals retained some ability to avoid high
osmotic strength solutions, although they failed to re- mutation.
spond to lower osmotic strength solutions (Figure 3F).
This residual osmotic avoidance could be due to ASH OSM-9 and OCR-2 Interact to Specify the
sensory function that persists in the ocr-2 mutant, or Subcellular Location of Both Proteins
alternatively, the behavior could be directed by a second In the AWA and ASH cells where they are coexpressed,
sensory neuron that is affected by osm-9 but not ocr-2. osm-9 and ocr-2 have similar mutant phenotypes. This
Rescue experiments verified that the chemotaxis and could occur because the two molecules carry out two
nociceptive defects in ocr-2 mutants were caused by different essential activities in AWA and ASH, or because
the ocr-2 mutation. A 16 kb transgene containing only OSM-9 and OCR-2 cooperate in a single process.
the ocr-2 gene was introduced into the ocr-2(ak47) OSM-9 is localized to the cilia of AWA neurons, consis-
strain. The transgene rescued the AWA olfactory defect tent with a role in the initial events of sensory transduc-
and the ASH nociceptive defects in four of five lines tion (Colbert et al., 1997). We constructed a tagged full-
examined (Figures 3A and 3D). length OCR-2 protein by inserting a GFP reporter with
synthetic splice acceptor and donor sites into the sec-
ond intron of ocr-2. Like OSM-9, the GFP-tagged OCR-2ocr-1 and ocr-2 Both Contribute to Activity-
Dependent Gene Regulation in AWA fusion protein localized to sensory cilia (Figure 5A).
Strong expression was visible in several sensory cilia,osm-9 regulates the expression of the diacetyl receptor
odr-10 in an activity-dependent transcriptional pathway including the AWA cilia and the phasmid cilia, with addi-
tional expression in neuronal cell bodies. These results(A.K.-K., E.L.P., and C.I.B., unpublished data). This assay
provided another measurement of osm-9-like activities suggest that both OSM-9 and OCR-2 function in the
cilia.in the AWA neurons, and it was used to characterize
the ocr mutants. ocr-1 mutants expressed odr-10::gfp Since OCR-2 is never expressed without OSM-9, we
Neuron
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Figure 4. ocr-1 and ocr-2 Both Contribute to Activity-Dependent
Gene Regulation of odr-10 in AWA
(A) An odr-10::GFP fusion gene, kyIs37 (Sengupta et al., 1996), with
the odr-10 promoter and the first six amino acids of ODR-10 fused
to GFP, is expressed in AWA neurons.
(B) Expression of odr-10::GFP is abolished in an osm-9(ky10) Figure 5. Localization of OCR-2::GFP to Cilia Requires osm-9, and
mutant. ocr-2 Drives OSM-9::GFP to Sensory Cilia
(C) Expression of odr-10::GFP is abolished in an ocr-2(ak47);ocr- (A) Confocal projection of an adult hermaphrodite expressing a full-
1(ok132) mutant. length OCR-2::GFP protein. The arrowhead marks the sensory cilia.
(D) Expression of the odr-10::GFP is restored in an ocr-2(ak47)/ocr- (B) Expression of OCR-2::GFP in an osm-9(ky10) mutant is confined
2();ocr-1(ok132)/ocr-1() compound heterozygote. Scale bar, 30 to neuronal cell bodies (arrow).
m. Arrows indicate AWA cell bodies. (C) Expression of OCR-2::GFP in an osm-9(n2743) mutant is also
(E) Fraction of adult kyIs37 animals with bright GFP staining in AWA confined to cell bodies (arrow).
neurons in ocr mutant backgrounds. Each data point represents (D) Confocal projection of an animal expressing a short ocr-2::gfp
at least 50 animals. Error bars denote the standard error of the fusion gene with only 100 amino acids of OCR-2.
proportion. Asterisks denote significant (p  0.01) differences from (E) Expression levels of the short ocr-2::gfp fusion gene are unaf-
wild-type. fected in an osm-9(ky10) mutant. Scale bar, 30 m.
(F) Relative intensity of GFP in cells expressing the short ocr-2::gfp
fusion gene. Error bars denote the standard error of the mean.
(G) Expression of OSM-9::GFP protein in the phasmid cell bodies,considered the possibility that OCR-2 and OSM-9 might
dendrite, and sensory cilia of an adult hermaphrodite. The arrow-assemble into a common channel or signaling complex.
heads demarcate the cone-shaped sensory cilia. Anterior is to theIf that were true, localization of OCR-2::GFP to cilia might
left in all panels.
depend on OSM-9. OCR-2::GFP expression was exam- (H) PHA and PHB sensory cilia expression of OSM-9::GFP protein
ined in two osm-9 mutants: the null osm-9(ky10) early is abolished in an ocr-2(ak47) mutant; arrowheads indicate the ap-
proximate extent of PHA and PHB cilia. Expression in the PHA andstop mutant and the osm-9(n2743) missense allele that
PHB cell bodies and dendrites is intact.converts a conserved glycine to glutamate in the second
(I) Expression of OSM-9::GFP protein in AWC neurons is confinedankyrin repeat. In either an osm-9(n2743) or an osm-
to the cell body (arrowhead). This confocal projection shows an9(ky10) mutant, OCR-2::GFP was absent from cilia and
animal containing a str-2::osm-9::gfp3 transgene.
present only in cell bodies (Figures 5B and 5C). Reduced (J) Expression of OSM-9::GFP protein in AWC neurons that express
expression of OCR-2::GFP was not sufficient to explain a str-2::osm-9::gfp3 transgene as well as odr-3::ocr-2, encoding a
full-length OCR-2 protein ectopically expressed in the AWC neuronits localization defect; even at comparably low protein
(confocal projection). OSM-9::GFP is now enriched in the sensorylevels, OCR-2::GFP in an osm-9() background was de-
cilia (arrow).tectable in cilia. OCR-2 was not mislocalized in either
n2743/ or ky10/ heterozygotes (data not shown).
Expression levels of OCR-2::GFP were decreased in
osm-9 mutants, which could be caused either by desta- fusion that did not encode a full-length protein. The
short OCR-2::GFP protein is not preferentially localizedbilization of a protein complex or by effects of osm-9
on ocr-2 gene expression. To distinguish between these to cilia and is unlikely to be functional. This ocr-2 trans-
gene was equally expressed in wild-type and in the nullpossibilities, we examined expression of a transgene
with the ocr-2 promoter driving a short OCR-2::GFP mutant osm-9(ky10), indicating that the activity of the
TRPV Channels in Sensory Transduction and Adaptation
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ocr-2 promoter is not affected by the osm-9 mutant Remarkably, expression of mammalian TRPV1 in ASH
(Figures 5D–5F). Thus, the stability of full-length OCR-2 resulted in a novel behavior appropriate to the intro-
and its localization to cilia specifically require OSM-9. duced channel. Wild-type C. elegans has no acute re-
These results suggest that OSM-9 and OCR-2 act in a sponse to capsaicin (Wittenburg and Baumeister, 1999),
common protein complex, although they are consistent but animals expressing the sra-6::TRPV1 transgene ex-
with indirect models for their association. hibited a robust avoidance of capsaicin. Contact with a
A reciprocal set of experiments was conducted to ask drop of 50M capsaicin resulted in an avoidance behav-
whether OSM-9 requires OCR proteins for localization ior resembling the response to repellents normally
to cilia. OSM-9 is expressed in many cells in the head, sensed by ASH (Figure 6A). The full response to capsa-
some of which express OCR proteins and some of which icin lasted several seconds and contained all of the
do not (Figure 1C). In the tail, OSM-9 is expressed in components appropriate for ASH avoidance, including
only two cell types, PHA and PHB, both of which also an initial reversal (Figure 6A, 5”) and a subsequent turn
express OCR-2. A tagged, functional OSM-9::GFP pro- (Figure 6A, 9”). Animals without the transgene did not
tein is present in the cell bodies, dendrites, and cilia of respond to capsaicin. These results indicate that artifi-
PHA and PHB, with a slight enrichment in the cilia (Figure cial activation of the ASH neurons by a heterologous
5G). In ocr-2 mutants, cilia expression of OSM-9::GFP channel is sufficient to generate avoidance behavior.
was lost, but expression in cell bodies and dendrites Expression of a leaky cation channel in ASH has pre-
was maintained (Figure 5H). These results suggest that viously been shown to increase the rate of reversals,
OSM-9 and OCR-2 are mutually dependent on each a result consistent with this observation (Zheng et al.,
other for localization to cilia. 1999).
Some cells, including the olfactory neuron AWC, ex- The behavior elicited by TRPV1 was examined for its
press OSM-9 without an OCR protein (Figure 1C). To ask dependence on endogenous G protein-coupled signal-
whether the presence of an endogenous OCR protein ing pathways in ASH. odr-3 encodes a G protein  sub-
correlates with OSM-9 localization, a tagged OSM- unit required for all known ASH behaviors, and osm-10
9::GFP protein was expressed solely in the AWC neurons encodes a novel intracellular protein required for os-
using the AWC-specific str-2 promoter. In AWC, motic avoidance (Roayaie et al., 1998; Hart et al., 1999).
OSM-9::GFP was localized entirely to the cell body and The capsaicin-avoidance response generated by sra-
excluded from cilia (n  158; Figure 5I). The identical 6::TRPV1 was intact in odr-3, osm-10, osm-9, and ocr-2
OSM-9::GFP protein showed some expression in cilia mutants (Figure 6B). These results indicate that TRPV1
in PHA and PHB, and strong enrichment to cilia in OLQ bypasses many essential components of ASH signal
and AWA (Figure 5G; and Colbert et al., 1997). transduction, probably by direct depolarization of the
Are OCR proteins sufficient to localize OSM-9 to cilia? neuron in response to capsaicin.
Full-length OCR-2 protein was ectopically expressed in eat-4 encodes a vesicular glutamate transporter es-
AWC neurons using the odr-3 promoter, and this trans- sential for glutamatergic neurotransmission from ASH
gene was crossed to the str-2::OSM-9::GFP strain. Sev- and other neurons (Lee et al., 1999; Hart et al., 1999;
enty-three percent of animals expressing OCR-2 in AWC Bellocchio et al., 2000). eat-4 mutations entirely abol-
showed a striking relocalization of OSM-9::GFP to the ished the capsaicin avoidance response, demonstrating
AWC cilia (n 52; Figure 5J). Thus, OCR-2 promotes cilia that, like other ASH responses, this novel behavior relies
localization of OSM-9 even in cells that do not normally on glutamatergic neurotransmission (Figure 6B). glr-1
express OCR proteins. encodes one of several glutamate receptors expressed
These observations suggest that endogenous OSM-9 on interneurons downstream of ASH (Maricq et al., 1995;
protein could be differentially localized in different cell Hart et al., 1995; Brockie et al., 2001). glr-1 mutations
types, with cilia expression only in cells that also express
affect a subset of ASH responses; glr-1 mutants are
an OCR protein. However, all of these results were ob-
defective in their avoidance of nose touch, but avoid
tained with tagged protein, which might lack some sig-
high osmotic strength normally. Mutations in glr-1 didnals that influence localization. A strict interpretation of
not suppress the capsaicin avoidance response inthe genetic results is that endogenous osm-9 drives
TRPV1 transgenic animals (Figure 6B).OCR-2::GFP to cilia, and endogenous or ectopic ocr-2
drives OSM-9::GFP to cilia.
Discussion
TRPV1 (VR1) Does Not Rescue OSM-9 or OCR-2,
TRPV channels are implicated in a variety of sensorybut Expression of TRPV1 in ASH Generates
modalities. Analysis of vertebrate TRPV channels hasa Capsaicin Avoidance Response
emphasized the unique properties of each family mem-The similarity between OSM-9 and the mammalian
ber; for example, TRPV1 (VR1) senses temperature andTRPV1 channel suggested that these two molecules
TRPV4 senses osmolarity. Our results indicate thatmight have similar functions. To ask whether TRPV1
TRPV proteins can cooperate in common sensory func-could rescue osm-9 mutants, we used the promoter
tions, and moreover, that different combinations ofof the seven-transmembrane chemosensory receptor
TRPV proteins are used to generate distinct sensorysra-6 to drive expression of the TRPV1 cDNA in ASH
functions.(Troemel et al., 1995). This transgene did not rescue the
OSM-9 appears to function alone in olfactory adapta-osmotic avoidance defect of ocr-2 or osm-9, suggesting
tion in AWC neurons, but OSM-9 acts together withthat the mammalian and nematode channels are not
OCR proteins in neurons where it is required for sensoryinterchangeable. TRPV1 also failed to rescue olfaction
when expressed in AWA (data not shown). transduction. Each of the four ocr genes is expressed
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Figure 6. Mammalian TRPV1 Generates
Backing Behavior in C. elegans when Ex-
pressed in the Nociceptive ASH Neurons
(A) Time-lapse images of wild-type and ASH-
TRPV1 animals encountering a drop of 50 M
capsaicin on an unseeded agar plate. Dotted
lines denote the drop of capsaicin-containing
buffer.
(B) Backing response of ASH-TRPV1 animals
in the genetic background of mutations that
compromise other ASH-mediated responses.
At least 50 animals per data point were ex-
posed to a drop of 50 M capsaicin and
scored for responsiveness. Error bars denote
the standard error of the proportion. Asterisks
denote significant (p  0.01) differences from
ASH-TRPV1 animals.
with osm-9: ocr-1 in AWA and ADL chemosensory neu- ciliated sensory neurons, and the ocr-4-expressing OLQ
neurons also localize OSM-9 to cilia, so promoting ciliarons, ocr-2 in AWA, ADL, ADF, ASH, PHA, and PHB
sensory neurons, ocr-3 in rectal gland cells, and ocr-4 localization of OSM-9 could be a property of several
OCR proteins. In the AWC neurons, where only OSM-9in OLQ mechanosensory neurons. Among these cells,
the AWA and ASH neurons have the best defined func- is expressed, the same OSM-9::GFP protein is present
in the cell body, but can be relocalized to cilia by heterol-tions, and these functions are strongly dependent on
both osm-9 and ocr-2. Like osm-9, ocr-2 can act in ogous expression of OCR-2. In AWC, osm-9 functions
only in olfactory adaptation, and a cGMP-gated channeldifferent sensory modalities: in olfaction in AWA and
ASH, and in mechanosensation and osmosensation in encoded by tax-2 and tax-4 is proposed to act in primary
olfactory transduction (Coburn and Bargmann, 1996;ASH. Gene expression in AWA neurons also depends
on TRPV function, but for this activity, osm-9, ocr-1, Komatsu et al., 1996; Colbert et al., 1997). No ocr genes
are expressed in AWC or several other neurons thatand ocr-2 all act together, even though ocr-1 has no
apparent effect on AWA behaviors. coexpress osm-9, tax-2, and tax-4. These observations
suggest that OSM-9 carries out distinct functions in dif-Our results suggest that one function of combinatorial
TRPV expression is to specify the subcellular localiza- ferent parts of the cell: sensory transduction in the cilia
for OSM-9/OCR protein complexes, and adaptation andtion of these proteins. Where OSM-9 and OCR-2 are
coexpressed, both proteins are localized to sensory other regulatory functions in the cell body for OSM-9
alone.cilia, and their localization is interdependent; OCR-2::
GFP is excluded from cilia in osm-9 mutants, and simi- Precise localization of protein components is central
to sensory transduction in many systems. Cooperationlarly, ocr-2 promotes the localization of OSM-9::GFP to
cilia. All cells that express ocr-1, ocr-2, and ocr-4 are between proteins in the sensory apparatus is an impor-
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IV, MT6317 osm-9(n2743) IV, CX4533 ocr-1(ok132) V, CX4545 ocr-tant aspect of Drosophila phototransduction, where full
2(ak47) IV, CX4777 ocr-2(ak47) IV;lin-15(n765ts) X, CX4746 ocr-assembly of a signaling complex consisting of the TRP
2(ak47) IV;ocr-1(ok132) V, CX3260 kyIs37 II, CX4541 kyIs37 II;channel, PLC, eye-specific PKC, and INAD is required
ocr-1(ok132) V, CX4899 kyIs37 II;ocr-2(ak47) IV, CX5010 kyIs37
for maintenance of the complex in the sensory rhabdo- II;ocr-2(ak47) IV;ocr-1(ok132) V, CX4438 kyIs37 II;osm-9(ky10)
meres (Shieh and Zhu, 1996; Huber et al., 1996; Cheve- IV;ocr-1(ok132) V, CX5342 kyIs37 II;osm-9(ky10) ocr-2(ak47) IV,
CX5343 kyIs37 II;osm-9(ky10) ocr-2(ak47) IV;ocr-1(ok132) V, CX4312sich et al., 1997; Tsunoda et al., 1997, 2001; Li and
kyIs37 II;osm-9(ky10) IV, CX3716 kyIs141 II;lin-15(n765ts) X, CX5853Montell, 2000). In that case, the two TRPC family chan-
kyIs141 II;ocr-2(ak47) IV;lin-15(n765ts) X, CX4978 kyIs200 X, CX5005nels are independently localized, since TRP localization
osm-10(n1602) III;kyIs200 X, CX5488 glr-1(ky176) dpy-19(n1347ts)depends on the complex but TRPL localization does
III;kyIs200 X, CX5496 eat-4(ky5) III;kyIs200 X, CX5501 ocr-2(ak47)
not. Relocalization of the TRPL channel during light ad- IV;kyIs200 X, CX5569 osm-9(ky10) ocr-2(ak47) IV;kyIs200 X, CX5570
aptation eliminates its contribution to phototransduc- osm-9(ky10) IV;kyIs200 X, CX5056 odr-3(n1605) V;kyIs200 X.
tion, emphasizing the importance of its rhabdomere lo-
cation for signaling (Bahner et al., 2002). For TRPL, and cDNA Isolation and Prediction
ocr-1 and ocr-2 cDNAs were generated by RT-PCR. The 5 endsfor many other channels, the alternative locations are
were cloned using primers to the trans-spliced leader SL1, and thethought to correspond to one location where the channel
3 ends were cloned by 3 RACE with oligo dT and an internalis active and an alternative location where it is inert
sequence. cDNAs were sequenced and compared to Genefinder
or sequestered. By contrast, our results suggest that predictions from the C. elegans sequencing consortium (Wilson et
OSM-9 has different functions in different locations al., 1994). With some differences in predicted intron/exon structures,
specified by the presence or absence of OCR-2. ocr-1 is synonymous with F28H7.10, whereas ocr-2 corresponds
to T09A12.3. The predicted ocr-3 gene is partially represented byOSM-9 and OCR-2 might assemble into a single chan-
T10B10.7, while the predicted ocr-4 gene is represented bynel, or they might be components of a more heteroge-
Y40C5A.2. Close conservation between T10B10 and the C. briggsaeneous complex like the TRP complex. To date, expres-
cosmid CBO33H10 was used to assist in the prediction of ocr-3
sion of OSM-9, OCR-2, or both subunits in Xenopus gene structure.
oocytes and HEK-293 cells has not resulted in detect-
able currents upon stimulation with voltage, thapsigar- Isolation and Sequencing of Deletion Alleles
gin, IP3, capsaicin, heat, or high osmotic strength solu- ocr-1(ok132) was obtained using a PCR-based strategy to isolate
tions (E. Reuveny, L. Jan, M. Caterina, D. Julius, W. deletion mutants from a library of 106 EMS- or UV-trimethylpsoralen
mutagenized animals (Dernburg et al., 1998). ocr-1(ak46) and ocr-Liedtke, J. Friedman, D.T., and C.I.B., unpublished data).
2(ak47) were obtained in a two-step screen using a frozen libraryExpression of mammalian TRPV1 in ASH neurons in-
of animals with high Tc1 transposase activity (Zwaal et al., 1993).duced capsaicin avoidance behavior in osm-9 and ocr-2
Animals with a Tc1 insertion into ocr-1 or ocr-2 were screened for
mutants, so the mutant ASH neurons are still present, rare imprecise excision events that deleted flanking sequences in
active, and able to generate avoidance when stimulated addition to the transposon. After isolation of single animals homozy-
by a heterologous channel. This observation suggests gous for the deletion, each mutant was outcrossed at least six times,
and the mutation was reisolated based solely on the presence ofthat osm-9 and ocr-2 defects are limited to the sensory
the deletion. The ocr-1(ok132) mutation removes nucleotidestransduction machinery. TRPV1 did not rescue the spe-
24,612–26,959 of cosmid F28H7. The ocr-1(ak46) mutation deletescific nociceptive and olfactory behavioral defects in
nucleotides 24,323–26,349 of cosmid F28H7. The ocr-2(ak47) muta-
osm-9 or ocr-2 mutants, so TRPV1 may not respond tion removes nucleotides 923–2,882 of cosmid T09A12.
directly to the sensory signals or G protein-regulated
signal transduction cascades that normally induce Plasmid Construction
OSM-9 and OCR-2 activity. For the ocr-1::gfp fusion, 4 kb of sequence upstream of the ocr-1
gene as well as DNA encoding the first 100 amino acids of theDespite its artificial origin, the capsaicin avoidance
predicted OCR-1 protein were amplified by PCR and subcloned intobehavior generated by mammalian TRPV1 in ASH was
the pPD95.75 vector in-frame with GFP. For the ocr-2::gfp fusion,remarkably similar to endogenous avoidance re-
3.8 kb of sequence upstream of the ocr-2 gene as well as DNAsponses. This behavior bypassed several molecules
encoding the first 98 amino acids of the OCR-2 protein were ampli-
normally required for ASH signaling, suggesting that fied by PCR and subcloned into the pPD95.75 vector in-frame with
depolarization alone, without other regulatory informa- GFP. For the ocr-3::gfp fusion, 5.7 kb of sequence upstream of the
ocr-3 gene as well as DNA encoding the first 92 amino acids of thetion, is sufficient to trigger ASH behaviors. Expression
predicted OCR-3 protein were amplified by PCR and subcloned intoof TRPV1 provides a strategy for the selective, drug-
the pPD95.75 vector in-frame with GFP. For the ocr-4::gfp fusion,inducible activation of neurons that could be useful in
4.8 kb of sequence upstream of the ocr-4 gene as well as DNAmany systems. Another strategy for artificial neuronal
encoding the first 68 amino acids of the predicted OCR-4 protein
activation by light has been developed by expressing were amplified by PCR and subcloned into the pPD95.75 vector in-
a Drosophila rhodopsin, chaperone, and G protein in frame with GFP.
To construct a plasmid that contained the entire ocr-2 codingmammalian neurons (Zemelman et al., 2002). The two
region as well as possible regulatory regions, a 16 kb KpnI-SphIapproaches have different advantages: the elegance of
fragment of the cosmid T09A12 was subcloned into pGEM7 (Pro-light activation in one system, and the simplicity of using
mega, Madison, WI). A synthetic exon with GFP coding sequencesa single channel with TRPV1. The introduction of a chan-
derived from pPD103.75 was inserted into a StuI site in the second
nel with a novel pharmacology may have general utility intron of ocr-2, resulting in an in-frame GFP fusion that lies between
for answering questions about neural circuitry. the 86th and 87th amino acids.
To construct the OCR-2(AWC) construct, a 2.8 kb odr-3 promoter
region was cloned into PstI sites of a promoterless ocr-2 cassetteExperimental Procedures
containing the ocr-2 start codon and 7.5 kb of genomic sequence
amplified from T09A12, subcloned into pGEM-7Zf() (Promega).Strains
Wild-type animals were C. elegans variety Bristol, strain N2. Worms The OSM-9::GFP3 protein consists of the first 832 amino acids
of OSM-9 fused to GFP under a partial osm-9 promoter (Colbert etwere grown at 20C and maintained using standard methods (Bren-
ner, 1974). Strains used in this work included CX10 osm-9(ky10) al., 1997). An identical protein fusion is expressed in PHA and PHB
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in the osm-9::gfp5 clone, shown in Figures 5G and 5H. For the interval of at least 1 min between each trial. The nose touch response
was assayed as described by Kaplan and Horvitz (1993). 2-octanonestr-2::osm-9::gfp3 fusion, 2.5 kb of the str-2 promoter was amplified
by PCR and subcloned in-frame into the PstI and NruI sites of the avoidance was assayed as described for benzaldehyde avoidance
by Troemel et al. (1995). A 20 l microcapillary tube containing 5 losm-9::gfp3 clone, removing the endogenous osm-9 promoter.
To construct the ASH-TRPV1 construct, an Asp718-DraIII frag- of a 1:10 dilution of 2-octanone in ethanol was placed immediately
in front of a freely-moving adult animal on an agar plate in thement of the rat TRPV1 cDNA was inserted into the C. elegans expres-
sion vector pPD49.26 between an Asp718 and an EcoRV site. Subse- absence of bacteria, and time until reversal was scored. Capsaicin
assays were performed using a modified Hilliard drop test. Capsaicinquently 3.8 kb of the sra-6 promoter region was amplified by PCR
using primers with synthetic XbaI sites (Troemel et al., 1995) and was diluted to 50 M in M13 and 2% ethanol. A drop was placed
in front of the animal, and after encountering the drop, the animalinserted at an XbaI site in the pPD49.26/TRPV1 subclone 5 of the
TRPV1 cDNA. was scored as responding if it reversed more than half a body length
before crossing the drop.
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